Binary tin sulfides, such as SnS and SnS2, are appealing because of their simple stoichiometry and semiconducting properties and are, therefore, being pursued as and Sn4S5 have remained elusive, although their existences have been alluded to in literature. Here we report a comprehensive study of phase stability of the SnxSy series compounds, utilizing swarm-intelligence crystal structure search method combined with first-principles energetic calculations. We find that the stability of mixed-valence SnxSy compounds with respect to decomposition into pure-valence SnS and SnS2 is in general weaker than the SnxOy counterparts, likely due to differences in chemical bonding. Besides identifying the experimentally discovered stable phases of Sn2S3, our calculations indicate that the Sn3S4 phase is another mixed-valence composition which shows marginal stability with respect to decomposition into SnS and SnS2. Other studied compositions may be metastable under ambient conditions, with slightly positive formation enthalpies. We find two structures of Sn3S4 having comparably low 2 energies, both of which feature one-dimensional chain-like fragments obtained by breaking up the edge-connected octahedral layers of SnS2. Both structures indicate lattice phonon stability and one shows quasi-direct band gap with a calculated value of 1.43 eV, ideal for solar absorbers. A further analysis of the composition-structureproperty relationship supports the notion that lowdimensional Sn-S motifs and van der Waals interaction may lead to diverse structure types and chemical compositions, having functional properties that are yet to be identified in the SnxSy series with mixed valency.
Introduction
Next generation solar absorber materials should consist of readily available and environment-friendly constituents while exhibiting excellent energy conversion efficiency. 1−4 Strong optical absorption with low Urbach energy, appropriate band edge alignment for separation of electrons and holes and high-quality pure phase materials are important considerations for solar energy conversion in photovoltaic (PV) and photocatalytic applications. 5−8 Binary tin-sulfur (Sn-S) compounds are one of the promising contenders that represent a nontoxic, earth-abundant semiconductor platform.
It has a rich phase space and diverse stoichiometry, perhaps owing to the multivalency of Sn and stereochemical activity of its lone pair.
9−15
The +2 and +4 valencies of Sn establish SnS and SnS2 as prominent and relatively well-studied end members of the SnxSy metal-chalcogen series. 6, 15, 16 Under ambient oxidation states at distinct Sn sites and possess one-dimensional (1D) chains of SnS2 structural motifs with weak interchain interactions. 14, 33 Electronic structure calculations predict a band gap of ~0.9 eV; however, strong absorption possibly occurs at higher values approaching 2 eV, which may explain experimental reports citing larger gap values. 33−35 Apart from the above three compositions, indications of other stoichiometries, such 
Computational Details
Different SnxSy compositions are studied by combining crystal structure analysis with first-principles geometry optimization methods. Global optimizations to identify stable or metastable phases are carried out using the crystal structure analysis by particle swarm optimization (CALYPSO) package. 41−43 This approach requires only chemical compositions of a compound to predict stable or metastable structures at given external conditions. 41 The algorithm details and its successful applications in various material systems have been discussed elsewhere. 44−47 Additional information regarding our implementation is given in the Supporting Information. In our work, we have predicted the possible crystal structures in 13 different Sn-S stoichiometric ratios (SnS, SnS2, Sn2S3, Sn3S4, Sn3S5, Sn4S5, Sn4S7, Sn5S6, Sn5S7, Sn5S8, Sn5S9, Sn6S7, Sn7S8). Structure optimization and total energy minimization are performed within density functional theory as implemented in the VASP (Vienna Ab-initio Simulation Package) code. 48 Plane-wave pseudopotential approach with generalized-gradient approximation (GGA) of Perdew, Burke, and Ernzerhof (PBE) is used. 48−50 Since standard PBE approaches are unable to account for nonbonded dispersion forces, it is necessary to apply appropriate vdW corrections. 51−54 A recent study showed that the structural parameters of layered tin oxides described by the optB86b functional are in good agreement with the experimental results. 51,52,55−57 We adopt the optB86b vdW-DF implemented in VASP to treat dispersion interactions in the Sn-S series. The kinetic energy cutoff for the plane wave basis for all calculation was chosen to be 364 eV, with k-point mesh set to 2π × 0.04 Å -1 for Brillouin zone integration, and a convergence criteria of -0.05 eV/Å for the force and 10 -7 eV/Å for the energy. Table 1 shows the calculated lattice parameters of three ground state structures (i.e., SnS (Pnma), Sn2S3 (Pnma), and SnS2 (P-3m1)), all of which are in good agreementtypically within 2% of reported experimental values. Lattice-dynamics calculations of the predicted phases of Sn3S4 are performed using real-space supercell approach (2 × 2 × 4 and 2 × 4 × 2 optimized supercells and 3 × 3 × 3 k-point mesh) as implemented in the Phonopy code. 58 Absorption coefficients are estimated via summation over occupied and unoccupied bands and evaluating the imaginary part of the dielectric tensor, while neglecting local field effects. 59 PBE methods suffer from band gap problems due to spurious self-interaction and the lack of derivative discontinuity in the exchange-correlation potential with respect to particle occupation number. 60 As a test, we compared the band gaps obtained with shown to provide accurate predictions of the thermodynamic stability and formation energies of compounds. As shown in Table 1 , FERE provides better agreement with experimental formation enthalpies of the three Sn-S compositions compared to the uncorrected PBE calculations. We, thus, select FERE approach to correct the calculated formation enthalpies of predicted low-energy structures in the Sn-S system. To investigate the stability of "mixed-valence" Sn-S phases, we performed a systematic crystal structure search for Snn+mSn+2m compounds with the aforementioned 13 stoichiometric ratios. These potential crystals can be treated as intermediate compositions having multivalent Sn(+2) and Sn(+4) that appear between the stable end members SnS and SnS2 (see Table S1 ). Typically, the enthalpy of formation of a binary compound AxBy at zero temperature and pressure can be written as ΔH(AxBy) = E(AxBy) (1) where E(Snn+mSn+2m), E(SnS), and E(SnS2) are the calculated total energy of Snn+mSn+2m, SnS, and SnS2, respectively. Figure 1a shows calculated ΔH of the searched Snn+mSn+2m
We also applied the FERE approach (see Computational Details) to correct the formation enthalpy of the searched Sn-S compounds against their elemental phases.
These are plotted in a convex hull diagram shown in Figure S1 . The relative stability of phases at varying compositions are consistent with those in Figure 1a .
The ground state of the limiting phases, SnS (Pnma) and SnS2 (P-3m1), are predicted successfully, which serves to verify the reliability of the structure optimization approach via swarm-intelligence. We find that the stability of mixed-valence SnxSy compounds with respect to decomposition into pure-valence SnS and SnS2 is in general weaker than the SnxOy counterparts, 51 because of structural and bonding chemistry differences (discussed later). It is notable that several new SnS phases are also identified, in addition to recently proposed or experimentally observed metastable polymorphs 
Crystal Structure and Optoelectronic Properties of Sn3S4.
Calculated lattice parameters of predicted Sn3S4 crystals are given in Table S2 Sn3S4 predicted recently by Gonzales et al. 38 Considering the high structural similarity and the small energy difference between two polymorphs, we will focus our discussion on the optoelectronic properties of B′ phase, which has a direct band gap (Edir = 1.56 eV) close to the Shockley-Queisser (S-Q) 2 limit for solar absorbers. The B phase, having a much lower gap (Edir = 0.69 eV), is briefly mentioned in the text, with additional details in the Supporting Information.
The dynamical stability of Sn3S4 crystals can be ascertained by their phonon spectra.
Within the harmonic approximation the potential energy of an atom vibrating at frequency ω about the coordinate Q = 0 is given by U = 1/2MQ 2 ω 2 . 58 As shown in Figure 2a , the calculated harmonic phonon spectrum at 0 K for B′ Sn3S4 exhibits no imaginary modes, that is, ω ≥ 0 at all wave vectors, indicating that the predicted structure is dynamically stable. Similar stability is also found in the B Sn3S4 ( Figure   S4a ). The inclusion of vibrational free energy to the static lattice energy may further stabilize these Sn3S4 crystals against decomposition to SnS and SnS2 phases at T > 0. It will be interesting to investigate the relative stability of the predicted phases by including vibrational contributions to the free energy, which is deferred to a future study.
The calculated (HSE06) electronic band structure of B′ Sn3S4 crystal is shown in It should be noted that the Sn(+2)-5s and S-3p antibonding states can rehybridize with the Sn 5p states producing stereochemically active lone pairs, which further enhance the stability of the distorted structure via asymmetric electron distribution.
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Signature of such coupling is evident from almost equal contributions of Sn(+2) 5p and 5s orbitals observed near the valence band maximum (VBM) in Figure 2c . A meticulous analysis of electron density contours will help to further explain the bonding interaction caused by such coupling mediated by S, possibly responsible for stabilizing this mixedvalent structure.
As shown in Figure 2d , the onset of dipole-allowed optical absorption, excluding excitonic effects, occur at photon energies near the direct electronic gap at ~1.56 eV in B′ Sn3S4, which is slightly higher than that of SnS and Sn2S3. The moderate absorption strength near the direct gap becomes stronger (α ≥ 10 4 cm -1 ) when the transition is above 1.6 eV. For single-junction solar cells, it is desirable to have a small offset between the lowest indirect and the direct allowed transitions, as in the case of B′ Sn3S4. In such cases, thin-film PV application may be practicable because of strong dipole transitions in the vicinity of phonon-assisted weak absorption at the indirect gap.
We now briefly turn toward the properties of B phase Sn3S4 crystal. This structure is also found to be dynamically stable ( Figure S4 
New Sn-S Compounds by Imitating the Sn3S4 Chain.
E-beam irradiation can be an effective approach to modify 2D materials via defect engineering. 40 Several types of induced structural defects, from zero-dimensional point defects to extended domains, have been reported in layered materials, such as graphene, hexagonal boron nitride, and transition metal dichalcogenides. 11, 72 In these cases the interaction of the beam with the sample can be controlled with subnanometer precision.
Controlled removal of S atoms by electron irradiation to form 1D line-defects in SnS2
has been successfully applied to design new Sn-S compounds. 40 It is perhaps another approach to tune band gaps and optical coefficients by introducing Sn(+2) content above the SnS (Pnma) phase (see Figure S8F ). In case of the longer chain Sn-S homologues (m > 2, that is, Sn5S8), the formation energies are comparable to that of the lowest energy Sn-S compounds obtained from structure search approach (see Figure   S5 ). The deviation from the trend in Figure 3b , because of the abnormal energy reduction in B″ Sn3S4, can be understood from its interchain packing configurations.
As compared in Figure S6 , when decreasing the chain length from Sn4S6 to Sn3S4, the distance between two chain planes reduce from 5. 
Insights from the Structural and Electronic Properties of Sn-S Compounds.
The results of the structure search emphasize the importance of basic building blocks in the Sn-S system that create an array of crystal geometries with slightly positive formation enthalpy. They are formed by vdW interaction that piece together those blocks, few of whom are highlighted in Figure S7 (marked E through J). We use two representative categories to illustrate their structural characteristics. As depicted in 
Summary
The binary tin sulfide compounds, namely, SnS, SnS2, and Sn2S3, are deserving of attention because of their simple chemical composition and nontoxic, earth-abundant constituents. SnS is the most widely investigated material and despite its favorable electronic structure photovoltaic device efficiency has remained below 5%. 71, 73 A number of loss factors may be responsible for low conversion efficiency, including intrinsic bulk properties, as well as band alignment and carrier transport at heterojunctions. While attempting to overcome these issues, an exploration of other stable compositions is also necessary to achieve enhanced performance in thin-film solar absorbers. They may be more compatible as absorber layers and amenable in terms of their bulk and surface properties. In that regard, multivalency of Sn and its lone pair activity is responsible for the rich phase space of tin sulfides, where various compositions SnxSy may be possible featuring Sn(+2) and Sn(+4). Sn2S3 is an example of relatively rare mixed-valence compound having desirable electronic structure for photovoltaic and thermoelectric applications. To further explore this diverse structure-composition space of SnxSy compounds, we have performed a comprehensive materials design study based on structure search combined with density functional calculations.
It provides reliable predictions of the ground state and metastable structures of the known stable compositions of SnS, SnS2, and Sn2S3. Many higher-energy metastable structures are also predicted that are yet to be experimentally verified, but may be feasible under high temperature or high-pressure growth conditions. 38,74.76 An important finding is the mixed-valent Sn3S4 composition that appears as a marginally stable phase.
Its occurrence has been alluded to, but not definitively observed in previous studies. We identified structures showing dynamical stability evidenced by the absence of imaginary phonon modes. We distinguish our finding of Sn3S4 as semiconductor under ambient pressure from another recent study that predicted Sn3S4 to be metallic at a pressure of about 15 GPa or higher. 38 Although experimental verification is unavailable
as of yet, our initial reports of 3:4 stoichiometry based on structure search studies suggest the presence of similar phases that may be viable. We find two low-energy structures of Sn3S4 with comparable free energies, referred in the text as B and B′ Sn3S4.
The small positive formation enthalpy may be within the accuracy of our computational method. It may be possible to grow Sn3S4 phases synthesized under nonequilibrium (high pressure or temperature) conditions. We note that Sn2S3 also shows small positive enthalpy (see Figures 1 and S1 ), although it has been successfully synthesized. Other theory reports also found small positive enthalpy in case of Sn2S3. The B′ Sn3S4 has quasi-direct band gap with the calculated value of 1.43 eV, desirable for photovoltaic applications. The strong absorption onset is predicted at ~1.5 eV, better than that of the known mixed-valence compound of Sn2S3, which has a smaller band gap of ~1 eV but effective absorption threshold of ~1.75 eV. While these predicted properties sound promising, practical realization of these compositions and structures will require meticulous experimental efforts and perhaps additional results from theory. Our results further reveal useful design principles to leverage the structure-property relationship of this family of mixed-valence compounds. For instance, the 1D chain-like fragments that build the Sn-S homologues by removing S atoms from SnS2 is also a convenient approach to tune the band gaps and optical coefficients because of the introduction of Sn(+2) fraction.
Supporting Information
The Supporting Information is available free of charge.
Searched Snn+mSn+2m compounds with 13 Sn-S stoichiometric ratios, structures information for representative compounds B, B′, B″ phase Sn3S4, the atomic modes for searched metastable SnS, SnS2, (B and B′ phase) Sn3S4, and Sn2S3 structures, the formation enthalpy corrected by the FERE method for the searched Sn-S compounds against their elementary substances phases, the phonon spectra, band structure, projected density of states (PDOS) and absorption spectrum for B phase Sn3S4, the formation energies for the imitated Sn-S homologues with different chain width, the detailed atomic configurations for Sn-S homologues with increased chain width from In our work, we have performed fixed stoichiometry structure searches with system sizes containing one to four Snn+mSn+2m arrangements in a unit cell. For each search, the population size of each generation is 50 and it gives around 50 generations to guarantee convergence. That is, in total, 10000 (50 × 50 × 4) structures are explored for each Snn+mSn+2m. Then we select the 200 lowest energy structures in each Snn+mSn+2m for more refined structural optimization. We also perform four variational stoichiometry structure prediction for further enhancing the reliability of fixed stoichiometry structure searches. For each search, the max number of atoms in the unit cell are 15, 30, 45, 60, respectively. We again select the 200 lowest energy structures in each Snn+mSn+2m to do refined structural optimization. Once we achieve consistency between the two procedures, similar structures are removed by the Structure Prototype Analysis Package (SPAP) and Bond Characterization Matrix (BCM). 
Sn-S compounds assembled by van der Waals binding
Most of the intermediate stoichiometric ratios of Sn-S compounds are formed by vdW binding of the basic Sn-S phases. Form our searched results, two representative categories are used for illustration of the structure characteristic. As depicted in Figure   S8 , one is constructed by the typical 2D vdW interface (E+D), e.g. the searched metastable Sn2S3 (H) and Sn4S5 (J); and the other is formed by the mixed 2D and 1D
vdW Sn-S chains (C+2F). The Sn-S allotropes designed from vdW superlattices can be also engineered by the analogical structures with the varied component ratio, see the Sn3S5 (H1), and Sn3S4 (H2).
We further clearly show the charge redistribution between the Sn-S vdW superlattices in Figure S9 
